Purpose We report on the results of the whole-genome analysis performed in a patient who developed severe ovarian hyperstimulation syndrome (OHSS) following gonadotropinreleasing hormone (GnRH) agonist triggering in a Bfreeze-allp rotocol.
Introduction
Ovarian hyperstimulation syndrome (OHSS) is an almost exclusive iatrogenic complication related to ovarian stimulation with gonadotropins in otherwise healthy women [1] . While its general incidence is approximately 2 to 3 % per cycle [2, 1] , OHSS can occur in up to a third of all cases of high-risk patients [3, 4] , notably those with a previous history of OHSS or polycystic ovary morphology (PCOM)/polycystic ovary syndrome (PCOS). In its severe form, this syndrome has the potential to cause serious morbidity or mortality, mainly due to the increased occurrence of ovarian torsion and thromboembolism [5] .
OHSS seems to result from an excessive secretion of vasoactive substances during ovarian stimulation (OS), namely vascular endothelial growth factor (VEFG) and factors that derive from the renin-angiotensin system [6] . This oversecretion of vasoactive substances is almost entirely dependent on the activity of luteinizing-hormone (LH). In in vitro fertilization (IVF), final oocyte maturation and ovulation are typically triggered with exogenous human chorionic gonadotropin (hCG), which is structurally and functionally similar to LH. However, hCG has a substantially longer half-life (over 24 h versus approximately 60 min for LH) and its administration seems to play a key-role in the development of OHSS [7] . For this reason, many authors have proposed to replace hCG with a gonadotropin-releasing hormone (GnRH) agonist for triggering [4, [8] [9] [10] [11] [12] [13] . In a GnRH antagonist co-treated cycle, the GnRH agonist causes the displacement of the GnRH antagonist from the pituitary receptors, resulting in a LH flare-up/Bsurget hat lasts for approximately 24-36 h [7] . This approach, combined with the elective cryopreservation of all oocytes/embryos, referred to by some as the BOHSS-free clinic^ [14] , had effectively abolished the incidence of severe early OHSS [14, 15, 10] until recently, when the first cases of OHSS requiring hospitalization were reported [16] [17] [18] [19] . These cases include both patients with either grade 4 (3 cases) and grade 5 (4 patients) severe early-onset OHSS according to the OHSS classification proposed by Golan et al. [adopted by the European Society of Human Reproduction and Embryology (ESHRE)] [20] . However, it has been questioned if the first case report did indeed represent a bona fide case of severe OHSS [21] and if OHSS after a Bfreeze-all^protocol may not be limited to extremely rare genetically-prone women [19] . In fact, evidence of genetic predisposition for OHSS has been previously described, namely through reports of familial and isolated cases of severe OHSS in women with natural conceptions [22] [23] [24] .
In this article we report on a case and the results of the whole-exome sequencing (WES) analysis performed in a patient who developed severe early-onset OHSS following GnRH agonist triggering with elective cryopreservation of all available viable embryos.
Materials and methods

Case report
A 30-year-old otherwise healthy patient with PCOS according to the revised [25] Rotterdam criteria (PCOM and oligomenorrhoea) visited our outpatient clinic due to primary infertility during the last 12 months. We performed preliminary diagnostic testing which revealed a high ovarian reserve (antiMüllerian hormone serum level of 18.28 ng/mL, Immunotech kit), hyperandrogenemia (free testosterone 14.8 ng/L, testosterone 0.73 μg/L and androstenedione 4750 ng/L) and a total antral follicle count of 40. We also performed a semen analysis to her partner, which revealed the presence of severe oligoasthenoteratozoospermia (sperm cell concentration 2.15×10 6 /mL, 21 % total progressive sperm of which 0 % had a normal morphology).
She consented for her first attempt of OS under GnRH antagonist co-treatment for IVF. The patient started OS with 150 IU of recombinant follicle-stimulating hormone (Puregon®, Merck Sharp & Dohme, New Jersey, USA) and daily ganirelix (Orgalutran®, Merck Sharp & Dohme, New Jersey, USA) was administered from day 6 of the stimulation onwards, as described in detail in Fig. 1 . Due to the excessive ovarian response noted on stimulation day 6 (SD6), a Bstepdown^in the protocol was performed with the administration of 125 and 100 IU on SD7 and SD8, respectively. A single dose of 0.2 mg of triptorelin (Gonapeptyl®, Ferring Pharmaceuticals, Geneva, Switzerland) was administered the following day for final oocyte maturation and ovulation triggering. At that time, the patient had over 70 follicles during pelvic ultrasound examination, 3 of which were≥17 mm and 25 between 11 and 16 mm.
Thirty-six hours after triggering, a transvaginal ultrasoundguided oocyte retrieval of 59 cumulus-oophorus-complexes was performed, 29 of which were metaphase II. At that time, clinical ascites was already evident by a positive Bfluid wavet est on abdominal examination and the patient complained of nausea with abdominal pain/distention and had a diminished urinary output (0.48 mL/Kg/h). The serum assessment revealed a normal hematocrit (36.9 %), normal prothrombin time (98 %) and a slight decrease in creatinine clearance (34 mL/min). According to the OHSS classification proposed by Golan et al., this patient developed early-onset severe grade 4 OHSS [20] .
Intracytoplasmic sperm injection (ICSI) was performed on all mature oocytes and 13 day-5 blastocysts of good morphological quality were eventually cryopreserved. No fresh embryo transfer or exogenous luteal support was ever performed and the patient was hospitalized for observation after being prescribed a daily dose of 0.5 mg cabergoline (Dostinex®, Pfizer Inc, New York, USA) for 8 consecutive days. On the second day of hospitalization, although her urinary output improved (0.64 mL/Kg/h), her clinical ascites worsened (objectively, an abdominal circumference increase of 5 cm and weight gain of 1 Kg) and hypoalbuminemia (2.8 mg/L) was also now evident. We administered intravenous albumin on the third day of hospitalization and the patient was discharged on the following day since she was substantially less symptomatic and her condition had clinically and analytically improved. Progression to grade 5 severe OHSS fortunately did not occur as her hematocrit remained stable and her urinary output progressively improved with time (on the 4th day of hospitalization, she had hematocrit and urinary output of 35.6 % and 1.02 mL/Kg/h, respectively).
In a subsequent cycle one embryo was thawed and transferred. The patient became pregnant and a healthy baby was delivered vaginally at term.
In order to gain insight into a potential genetic background of the patient for OHSS, whole exome sequencing was performed on a HiSeq 1500 (Illumina, San Diego, California, USA), using the NEBNext Ultra DNA Library Prep Kit (New England Biolabs, Ipswich, Massachusetts, USA) and SeqCap EZ Human Exome v3.0 (Roche Applied Science, Penzberg, Germany) target enrichment according to the manufacturer's instructions. Variants were assessed through Alamut HT® (Interactive Biosoftware). This evaluation was performed upon signed informed consent of the patient.
In a first step, we focused on genes known to potentially influence ovarian stimulation or to be involved in OHSS: FSHR, LHR/LHCGR, LHB, CYP11A1, CYP19A1, ESR1, ESR2, PGR, VEGFR1/VEGFR2, VEGF, AMH, AMHR, GDF9, BMP15, SOD2, SHBG, MTHFR, FOLR1, P53, PAI and TNF [26] [27] [28] [29] . The patient was a (heterozygous) carrier of the c.2039G>A, p.Ser680Asn and c.919G>A, p.Ala307Thr polymorphisms in the FSHR gene [30, 31] and of the c.665C>T, p.Ala222Val mutation in the MTHFR gene [32] . These and the other detected alterations, however, were present in a high frequency in the general population and are unlikely to be causal for OHSS (Table 1) . Consequently, the data of the exome analysis of the patient were re-assessed for the presence of relevant mutations in the complete exome sequence. Rare variants [with a less than 1 % average heterozygosity in the population, according to the Average Heterozygosity Database of Single Nucleotide PolymorphismsdbSNP [33] ] that are presumably pathogenic in silico were selected and a recessive inheritance pattern was assumed. To this extent, the prediction software SIFT® [34] and PolyPhen2® [35] were used, which use both validated in silico Triptorelin; E2, estradiol; LH, luteinizing hormone; P, progesterone; SD, stimulation day; FSH, folliclestimulating hormone; GnRH, Gonadotropin-releasing hormone; IU, international units Although variants rs10407022 and rs1801133 were predicted as potentially deleterious/damaging, these variants are present in at least one third of the general population, making them unlikely candidate variations to justify the occurrence of severe OHSS *no variants were found for the following genes: AMHR2, LHB, CYP11A1, ESR2, VEGFR1/VEGFR2/VEGF, SOD2, SHBG, GDF9, BMP15, FOLR1, P53, PAI and TNF † Minor Allele Frequency, assessed on September 26th, 2014 ‡ In Europe, 75 % of the population is homozygous TT (30) , making algorithms to predict the possible impact of an amino acid change on a protein's function. The SIFT® algorithm is based on the degree of conservation of an amino acid residue in sequence alignments derived from closely related sequences, while PolyPhen2® compares amino acid sequences, phylogenetic and structural information to predict the impact of a substitution on the structure and function of the protein. It has to be emphasized that although the data from these in silico models are a computational simulation for the best, they might represent an important overestimation in their conclusions in one direction or the other. No relevant candidate gene was identified as having any potential role in the development of OHSS in our patient.
Discussion
The widespread use of GnRH antagonist co-treatment for primary prevention of OHSS has been, until now, the single most effective method in preventing OHSS, halving the risk of severe OHSS without hindering clinical outcomes [36] . However, OHSS still occurs in current clinical practice [14] and its overall importance increases with the steady worldwide proliferation of IVF. GnRH agonist ovulation triggering has contributed to the further reduction of severe OHSS [37, 10, 15, 14] and, in conjunction with elective cryopreservation of all viable embryos, is considered to be the safest way to avoid OHSS after OS for IVF [38, 12, 14] . In view of this, elective cryopreservation of embryos has been proposed for women undergoing IVF/ICSI who develop ≥18 follicles with a diameter of at least 10-14 mm [39] to minimize the risk of the development of severe OHSS. OHSS in a GnRH agonist triggered Bfreeze-all^has been, until now, such a unique event that some have considered it to be likely limited to women genetically prone to develop this complication [19] . Since 2014, an increasing amount of clinicians have reported on cases of severe (grade 4 or 5) early-onset OHSS following a Bfreeze-all^protocol. These cases have come from all over the globe, including India, the United Arab Emirates [19] , Singapore [17] , Turkey [18] , and now Belgium. In all instances, the patients were administered total doses of exogenous FSH within the normal ranges that one could expect for ovarian stimulation during a conventional IVF treatment (between 775 and 2025 IU). Hence, the occurrence of a uniquely extreme ovarian response did not seem to be related with any unwarranted excessive stimulation and was, for this reason, otherwise unexpected. To this extent, Ling et al. [17] postulated if extreme AMH levels could serve as a warning sign for this sort of complication, since they were the first to report that, in their case, the patient had an exceptionally high AMH level of 64.5 ng/mL (Beckman DSL, AMH Gen II assay kit).
Our patient also had an abnormally high AMH of 18.28 ng/mL, once more raising one to question if AMH might serve as a means to flag women who are at high risk of developing severe OHSS even after a freeze-all protocol.
The strength of our case report is that it was the first to perform genome-wide analysis to test this hypothesis. Whole exome sequencing technologies allow us to investigate all previously reported variants involved in OHSS in a single approach. Moreover, the analysis is not restricted to these specific sequences/genes as the complete human exome was interrogated. However, this genetic analysis through whole exome sequencing did not allow us to identify any definitive genetic predisposition for OHSS in our patient. A rare mutation in a gene with an unassigned function can, however, not completely be ruled out. Performing more genetic analyses in Bextreme^severe OHSS cases similar to these could allow us to further understand the pathologic pathway of OHSS and if specific women may have a genetic predisposition to develop it.
In conclusion, IVF/ICSI using GnRH antagonist treatment followed by GnRH agonist triggering and oocyte/ embryo cryopreservation is efficacious and safe. Nevertheless, severe early OHSS cannot be eliminated completely in current clinical practice by this strategy alone and a genetic predisposition is yet to be confirmed.
